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Abstract 
This paper describes a linear switched reluctance motor (LSRM) in which HTS tapes are used for coreless excitation windings in 
order to reduce the thrust ripple and normal force. This LSRM consists of a mover with saliency structure, coreless HTS coils and 
a stator back yoke. In this paper, we first describe the operating principle of the HTS-LSRM. Next, we calculate performances of 
the HTS-LSRM using 3-D FEM analysis. The effects of the motor structure on the thrust characteristic and normal force 
characteristics are clarified from the numerical results. Furthermore, we investigate the motor structure for thrust improvement, 
thrust ripple and normal force reduction. 
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1. Introduction 
Linear motor drives have been used in various industry applications such as transportation system, conveyance 
system, machine tools and so on. Recently, a research and development of a linear switched reluctance motor 
(LSRM) has been carried out all over the world [1][2]. The LSRM has distinctive merits of simple and robust 
structure and is economical as compared with a permanent magnet type linear synchronous motor (PM-LSM). 
Furthermore, the LSRM has no problem of performance deterioration due to increased temperature and 
demagnetization of a permanent magnet because of without the permanent magnet for field excitation. However, the 
LSRM has problems such as low thrust / volume ratio, large thrust ripple, normal force, and acoustic noise, because 
both the stator and the mover have an iron core with saliency structure. In the previous paper, we proposed a new 
type LSRM in which high-temperature superconducting (HTS) tapes are used for excitation windings [3]. 
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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This paper describes the LSRM in which HTS tapes 
are used for coreless excitation windings in order to 
reduce the thrust ripple and normal force. This LSRM 
consists of a mover with saliency structure, coreless 
HTS coils and a stator back yoke. The coreless HTS 
coils are fixed in a vessel on the stator. In this paper, 
we investigate performances of the HTS-LSRM by 
using 3-D FEM analysis. The effects of the motor 
structure on the thrust characteristic and normal force 
characteristics are clarified from the numerical results. 
Furthermore, we investigate the motor structure for 
thrust characteristic improvement and normal force 
reduction. 
2. Operating principle of the HTS-LSRM 
Fig. 1 shows the structure of the HTS-LSRM with 6 coreless excitation windings and 4 mover poles. This LSRM 
consists of the mover with saliency iron core structure, coreless HTS coils for the excitation windings and the stator 
back yoke. The coreless HTS coils are fixed in a vessel on the stator. The positional relationship between the mover 
position x and the excited HTS coils are shown in Fig. 2. When the constant current is supplied to B1 and B1’ coils at 
x = 0 mm as shown in Fig. 2 (a), the reluctance thrust is generated in the first and third mover pole from the left, and 
the mover moves to the left. When the mover arrives at B-phase aligned position, the B-phase current is switched off 
and C1, C1’ coils are excited as shown in Fig. 2 (b). Then the reluctance thrust is generated by C-phase excitation. 
Next, when the mover arrives at C-phase aligned position, the C-phase current is switched off and A1, A1’ coils are 
excited as shown in Fig. 2 (c). Thus, the mover moves continuously with switching the excitation. 
3. Analytical model 
The four HTS-LSRM configurations that have been chosen for comparison are presented in this section. Type 1 
is shown in Fig. 3 (a). This 6/4 structure LSRM is a structure in which a rotary type SR motor of stator 6 poles and 
rotor 4 poles is arranged linearly. Type 2 is shown in Fig. 3 (b). This 8/6 structure LSRM is a structure in which a 
rotary type SR motor of stator 8 poles and rotor 6 poles is arranged linearly. Type 3 is shown in Fig. 3 (c). This is a 
double-sided linear motor of 6/4 structure LSRM. Two stators are put in both sides of the mover. The stator has 6 
poles and the mover has 4 poles on one side. Because a normal force generated the mover is cancelled by the 
double-sided structure, a load of support construction for the mover can be reduced. Type 4 is shown in Fig. 3 (d). 
This is double-sided 8/6 structure. The stator has 8 poles and the mover has 6 poles on one side. Table 1 shows 
dimensions and physical characteristics of the four HTS-LSRM configurations. 
             
Fig. 1. Structure of the HTS-LSRM with coreless excitation windings. (a) Overall view. (b) Cross-section view. 
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Fig. 2. Positional relationship between the mover position and excited 
stator coils. (a) B-phase excitation start position. (b) C-phase 
excitation start position. (c) A-phase excitation start position. 
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4. Analytical results 
4.1. Critical current characteristics 
The performance characteristics of the HTS-LSRM 
are investigated by 3D-FEM analysis. In this section, 
YBCO tape conductor is used for the excitation 
windings. Fig. 4 shows the Ic – B characteristics of the 
YBCO tape conductor at 77 K [4]. The width and thickness of the YBCO tape conductor are 4 mm and 0.2 mm 
respectively and the critical current is 110 A at 77 K under the self-magnetic field. The number of turns of HTS coil 
is 35 turns / pole. The magnetic field distributions are calculated by FEM analysis, and the maximum values of the 
perpendicular magnetic flux density applied to the YBCO tape conductor surface are obtained from numerical 
results. The YBCO coil load lines of all four configurations are shown in Fig. 4. From Fig. 4, The critical currents of 
Type 1, Type 2, Type 3, and Type 4 are 97.2 A, 97.7 A, 97.5 A, and 98.0 A respectively. It is confirmed that the 
critical currents of all four configurations are almost same. 
4.2. Thrust and normal force characteristics 
The numerical results of the static thrust and normal force versus mover position characteristics for all four 
configurations are shown in Figs. 5 and 6, respectively. In these calculations, the excitation current is 50 A. This 
value is about 50 % of the critical current obtained in the foregoing section. From Fig. 5, the average thrust of Type 
1, Type 2, Type 3, and Type 4 are 1.27 N, 1.11 N, 1.43 N, and 1.42 N, respectively. 
Figs. 7 and 8 show thrust ripple rate Frip and evaluation function NF [5] of the normal force, respectively. Frip and 
NF are given as follows; 
  100u avgminmaxrip FFFF  (1)  
maxavg NFNF   (2) 
where, Fmax and Fmin are the maximum and minimum value 
of static thrust, respectively, Favg is the average thrust, Nmax 
is the maximum value of normal force. Here, structures of 
Type 3 and Type 4 have no NF value because the normal 
force is almost zero. Fig. 9 shows the ratio of static thrust to 
HTS coil volume.  
As shown in Fig. 7, Frip of double-sided structure is 
smaller than single-sided structure because Favg of double-
sided structure becomes large compared with the single-
Fig. 3. The structure of four HTS-LSRM for comparison (mover position x = 0 mm). (a) Type 1; (b) Type 2;  (c) Type 3; (d) Type 4. 
Table 1. Dimensions and physical characteristics of four HTS-LSRM. 
Item Type 1 Type 2 Type 3 Type 4 
Stator iron core 
mass (kg) 0.55 0.76 1.11 1.51 
Mover iron core 
mass (kg) 0.63 0.91 0.13 0.19 
The number of 
coils 6 8 12 16 
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Fig. 4. Ic - B characteristics of the YBCO tape conductor and 
the load lines of the YBCO coils.
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sided structure. NF values of Type1 and Type2 are 
almost same as shown in Fig. 8. In comparison with a 
conventional LSRM [2] with stator salient pole iron 
core, Frip is about the same. Meanwhile, NF value 
becomes about twice as large as a conventional LSRM. 
From Fig. 9, it is confirmed that the single-sided 
structures of 6/4 and 8/6 machine are 1.5 times and 1.3 
times larger than the double-sided structures, 
respectively. Therefore, in consideration of thrust / 
amount used of YBCO tape conductor, the single-sided 
structure has large thrust compared with double-sided 
structure. 
5. Conclusions 
In this paper, the HTS-LSRM without stator salient pole iron core was proposed in order to reduce the thrust 
ripple and normal force. The four HTS-LSRM configurations were investigated by magnetic analysis using 3D-
FEM analysis. From the numerical results, it was confirmed that the critical currents of all four configuration were 
almost same. From the thrust characteristics, it was confirmed that the double-sided configuration had large thrust 
compared with the single-sided configuration. In consideration of mass of motor and amount used of YBCO tape 
conductor, the single-sided structure has large thrust compared with double-sided structure. Although the thrust 
ripple was not reduced, it was confirmed that the normal force could be reduced compared with the LSRM with 
stator salient pole iron core. 
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Fig. 5. Numerical results of static thrust characteristics.                        Fig. 6. Numerical results of normal force characteristics. 
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Fig. 7. Thrust ripple rate of four HTS-LSRM.                                                 Fig. 8. NF value of single-sided structures. 
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Fig. 9. The ratio of static thrust to HTS coil volume of four HTS-
LSRM. 
